calcitonin gene-related peptide; amylin; bone cells; staurosporine; protein kinase C CALCITONIN (CT), calcitonin gene-related peptide (CGRP), and amylin belong to the same family of peptides, the genes for which have a common ancestral origin. The first two peptides are generated by alternative splicing of the mRNA of the calcitonin gene (CALC 1) located on chromosome 11, whereas amylin is produced from mRNA of another CALC gene (CALC IV) located on chromosome 12 (5) . The three peptides, which share substantial structural homology (36) , produce similar biological effects in many tissues, including bone (29) . It is generally acknowledged that CT plays an important role in skeletal homeostasis, being a key modulator of bone resorption through a direct effect on osteoclasts (22) . The hormone, CT, inhibits bone resorption by inducing quiescence of cell motility and retraction of osteoclasts (24) , and chronic administration of CT reduces the number of osteoclasts (5) . There is also evidence that CT has a direct effect on osteoblasts (13) , and, although the specificity of this effect is still controversial, CT appears to be involved in bone mass accrual as homozygous mice in a CALC1 knockout model develop osteopenia (19) . A role on bone metabolism was also shown for CGRP and amylin as follows: CGRP inhibits osteoclast activity in vitro (39) , prevents trabecular bone loss in ovariectomized rats (35) , increases the number and size of bone colony development in vitro (32) , stimulates the proliferation of osteoblast-like cells in vitro (37) , and increases bone density in mice (4) . Amylin decreases bone resorption by inhibiting the motility of osteoclasts (3) , stimulates the proliferation of human and rat osteoblasts (8, 38) , and increases bone mass in mice (7) .
Each peptide of the CT gene family of peptides binds to its own specific receptor. Some of these receptors have been cloned: the CT receptor (CTR) and CT receptor-like receptor (CRLR), which achieve specificity for each peptide depending on the expression of accessory proteins or receptor activity-modifying proteins (RAMP1-3; see Ref. 23) . The CTR belongs to a subfamily of the seven-transmembrane G protein-coupled receptor superfamily GPCR II . Several isoforms of CTR have been identified so far (33) . CTR is coupled to multiple signal transduction pathways through interaction with different G proteins. The binding of CT with its receptor activates, via the G protein G s , the adenylyl cyclase-protein kinase A (PKA) pathway, and via the G protein G q , the phospholipase C, which in turn leads to calcium mobilization and activation of protein kinase C (PKC). Although these signal pathways have been associated with specific effects of CT on osteoclasts, it is unclear which individual cascade is activated in osteoblasts.
Heterogeneity of CGRP receptors has also been reported in that the CGRP-1 receptor subtype is sensitive to the antagonistic properties of the fragment peptide CGRP- , and the CGRP-2 receptor subtype is less sensitive (20) . The main signal pathway used by CGRP-1 is the adenylyl cyclase pathway, but CGRP has also been reported to increase intracellular calcium concentration through activation of phospholipase C (1). CGRP receptors are present in human osteoblast cells (hOB; see Ref. 34) and are coupled to the stimulation of osteoblast proliferation (8, 37) . In early reports, it was suggested that amylin acts on a CGRP receptor to induce its biological effects, since in certain conditions the CGRP antagonist CGRP-(8-37) is able to block amylin activity (8) ; recent studies have clearly demonstrated the existence of distinct, highly specific receptors for amylin (20) . The effects of amylin, CGRP, and CT in several cell types were shown to be mediated via activation of adenylyl cyclase. However, in hOB, amylin does not induce any increase in cAMP production but does stimulate the proliferation of hOB (37) . In addition, the CGRP-proliferating effect in hOB does not involve the accumulation of cAMP, although the peptide is able to stimulate adenylyl cyclase in these cells (37) .
The signal pathways involved in the anabolic effects of the CT gene family of peptides on osteoblasts are still a matter of debate; the variability of the data available may be dependent on the different cell lines or different experimental models employed. The present study was intended to assess the signaling pathways related to the proliferative effects of the CT gene peptides in hOB.
MATERIALS AND METHODS
Drugs. Salmon CT, phorbol 12,13-dibutyrate (PDB), and staurosporine were purchased from Sigma (St. Louis, MO); CGRP and amylin were purchased from the Peptides Institute (Osaka, Japan).
Cell culture. Bone cells were established in culture by a modification of the procedure by Gehron Robey and Termine (16) . Cells were isolated from discarded trabecular bone samples obtained at osteotomy from patients who underwent orthopedic surgery for degenerative diseases or traumatic fractures of the femoral neck. None of the patients (51-73 yr old) submitted to surgery had any metabolic or malignant bone disease. Briefly, the trabecular bone taken from each subject was cut into small pieces (2 ϫ 2 ϫ 2 mm) and washed thoroughly with commercial standardized Joklik's modified serum-free MEM (Sigma) to remove nonadherent marrow cells. The bone pieces were incubated with the same medium containing 0.5 mg/ml collagenase (type IV; Sigma) at 37°C for 30 min with rotation. The collagenase digestion was stopped by adding Iscove's modified Dulbecco's medium (IMDM; Eurobio, Les Ulis, France) containing 10% FBS (HyClone, Logan, UT). The bone pieces were then placed in 25-cm 2 flasks and cultured in IMDM containing 10% FBS, 100 U/ml penicillin, 100 g/ml streptomycin, 50 U/ml mycostatin, and 0.25 g/ml amphotericin B. Cells began to migrate within 1-2 wk and reached confluence after 1 mo. Culture medium was changed every 2-3 days. The cell population was tested for alkaline phosphatase and osteocalcin production after the addition of 10 Ϫ8 M 1,25(OH)2D3 to ensure that the cells had these characteristic osteoblast responses. Alkaline phosphatase was determined by measuring the p-nitrophenol phosphate reduction (Roche Diagnostics, Basel, Switzerland) in the cell layer solubilized with 0.5 ml of 0.1% SDS. Osteocalcin was measured by immunoradiometric assay (Nichols, San Juan Capistrano, CA). All cells were used at the first passage to reduce the possibility of phenotype changes. Cell proliferation assay. Cell proliferation was evaluated by [ 3 H]thymidine incorporation in a semiconfluent cell monolayer. The culture medium for the semiconfluent cells was then changed to serum-free medium with 0.1% BSA, and the cells were incubated for 48 h. Osteoblasts were exposed for 24 h to the peptides and pulsed with 1 Ci [ 3 H]thymidine/ well (sp act: 50.0 Ci/mmol) 4 h before the end of the experimental incubation. Cells were rinsed three times in PBS and solubilized in 100 l of 0.1% SDS in 0.25 M NaOH. Cellular lysates were collected by aspiration on glass fiber filters using a cell harvester (Canberra Packard Italia, Pero, Italy) and counted for radioactivity [counts/min (cpm)]. Results are expressed as the ratio of the mean cpm of the treated group to the mean cpm of controls. Each experiment was performed using experimental groups consisting of at least six to eight wells. Experiments were repeated six times using cells from different donors each time.
RT-PCR. Total RNA was extracted from osteoblast-like cells derived from two donors using RNAfast reagent (Molecular System, San Diego, CA), and cDNA was retrotranscribed using SuperScript II RT (GIBCO, Gaithersburg, MD) and specific primers designed from the sequence of human CTR (GenBank accession no. NM001742; forward primer 5Ј-GT-GATTTCCCTGGGGATTTT-3Ј; reverse primer 5-GATAAT-ACCACCGCAAGCGT-3Ј, amplified portion of the sequence 527-827; size 301 bp) and of human CRLR (GenBank accession no. NM005795; forward primer 5Ј-TGCATCACTGCT-TATCTTCGC-3Ј; reverse primer 5-ACAAATTGGGCCATG-GATAA-3Ј, amplified portion of the sequence 1013-1451; size 439 bp).
For PCR, volumes (20 l) consisting of cDNA (corresponding to 150 ng of total RNA), primers (5 pmol each), deoxynucleotides (10 M each), and Taq polymerase (2.0 U) were used in a buffer containing MgCl2 (1.5 mM for CRLR, 2 mM for CTR), (NH4)2SO4 (16 mM), Tris ⅐ HCl (67 mM), and Tween 20 (0.01%), pH 8.8 at 25°C. All amplification conditions included an initial 5 min at 94°C, after which the enzyme was added. Thirty-five PCR cycles were performed according to the method described by Naot et al. (26) . Denaturation was carried out for 40 s at 94°C, annealing for 30 s at 60°C, and primer elongation for 30 s at 72°C. The products of PCR were finally analyzed on 1.5% Tris acetate-EDTA agarose gel. The DNA ladder used was DNA Molecular Weight Marker XIII (Roche Diagnostic, Monza, Italy).
cAMP assay. After a 15-min preincubation with the phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (0.5 mM), cells were incubated for 10 min in the presence or absence of the different peptides. The reaction was stopped by aspirating the medium, and cells were rinsed with cold PBS. One milliliter of 95% ethanol was added to each well and kept overnight at Ϫ20°C to extract cAMP from the cell layer. The extracts were dried under vacuum at 60°C and assayed immediately. cAMP was measured in triplicate using a commercial RIA kit ( 125 I-labeled cAMP; Amersham Italia, Milan, Italy).
PKC assay. After incubation with the peptides for different times (2, 5, 10, 30 , and 60 min), cells were rinsed two times in cold PBS and solubilized in a lysis buffer containing 50 mM HEPES, 250 mM NaCl, 5 mM MgCl2, 1% Triton, 10% glycerol, and 10 g/ml aprotinin, leupeptin, and phenylmethyl-sulfonyl fluoride, pH 7.4. PKC activity was evaluated with the PepTag Assay for nonradioactive detection of PKC (Promega, Madison, WI). Briefly, the assay uses a fluorescent peptide substrate that is highly specific for PKC. Phosphorylation of the peptide substrate alters its net charge and allows rapid separation of phosphorylated from nonphosphorylated peptide on an agarose gel. When electrophoresis was completed, the bands were excised, solubilized, and evaluated by spectrofluorometry (excitation 540 nm; emission 592 nm). Results are expressed as ratios of the emitted fluorescence intensity of treated to emitted fluorescence of untreated cells.
Statistics. Statistical analysis was performed with the statistical package Prism version 3.0 (GraphPad Software, San Diego, CA). In the proliferation assays, the mean values for six wells of each group were used to calculate the ratio between treated groups and controls. The significance of differences between groups was assessed analyzing the ratios obtained in the different experiments by means of a one-way ANOVA for nonparametric values (Kruskal-Wallis test) and a multiple-comparison test (Dunn's test). Differences between groups in the cAMP determination were assessed by means of one-way ANOVA and Dunnet's comparison test. Significance between incubation times in the PKC assays was assessed by means of a one-way ANOVA for nonparametric values (Kruskal-Wallis test) and a multiple comparison test (Dunn's test). The dose-response curve of PDB on hOB proliferation was analyzed using nonlinear regression analysis.
RESULTS

CT induced a significant increase in [
3 H]thymidine incorporation in serum-free hOB culture at concentrations from 10 Ϫ11 to 10 Ϫ9 M, with the maximal effect (two times that of the control) at 10 Ϫ10 M. The CTproliferating effect was not antagonized by the CGRP-(8-37) or by the amylin-(8-37) fragments (10 Ϫ8 M; data not shown). CGRP and amylin caused a proliferating effect similar to that of CT, with a maximal activity at 10 Ϫ8 and 10 Ϫ9 M, respectively. The stimulatory effects of CT, amylin, and CGRP treatment on hOB proliferation are reported in Fig. 1 .
RT-PCR results show that hOB cells express the genes for both CTR and CRLR (Fig. 2) . The mRNA for CTR was expressed at a relatively lower level than that of CRLR.
Of the three peptides, only CGRP was able to induce a significant increase in cAMP level in hOB (Fig. 3) , whereas neither CT nor amylin was able to stimulate adenylyl cyclase activity in these cells. Conversely, all three peptides were able to induce a significant in- crease of PKC activity with a comparable time course (Fig. 4, A-C) . Maximal PKC activity was obtained 5 min after CT (10 Ϫ9 M) or CGRP (10 Ϫ8 M) and 2 min after exposure to amylin (10 Ϫ9 M). To see whether or not the stimulation of PKC activity by the three peptides was involved in hOB proliferation, we tested the effect of PDB, a phorbol ester compound known to stimulate PKC activity. On hOB, PDB was able to increase cell proliferation in a dose-dependent manner between 10 Ϫ8 and 10 Ϫ6 M (Fig. 5) . The stimulation of PKC activity induced by 10 Ϫ7 M PDB was antagonized by the inhibitor of PKC activity staurosporine (10 Ϫ9 M) at a concentration that, per se, did not change PKC basal activity (Fig. 6A) . The higher concentration of staurosporine (10 Ϫ8 M) significantly decreased basal PKC activity, and 10 Ϫ7 M had a toxic effect on the cells (data not shown). Staurosporine (10 Ϫ9 M) significantly inhibited the PDB-induced hOB proliferation (Fig. 6B) as well as the proliferation induced by 10 Ϫ10 M CT, 10 Ϫ8 M CGRP, and 10 Ϫ9 M amylin (Fig. 7) .
DISCUSSION
The results of this study indicate that activation of PKC is involved in hOB proliferation induced by the family of CT peptides. Treatment with CT, amylin, and CGRP stimulated both [ 3 H]thymidine incorporation and PKC activity in hOB, and inhibition of the latter activity by staurosporine also prevented the hOB proliferation induced by the three peptides. The involvement of PKC in hOB proliferation is further supported by the observation that staurosporine was able to counteract hOB proliferation induced by the phorbol ester derivative PDB, a known activator of PKC. However, the possibility that part of the stimulatory effect of the three peptides could be mediated by kinases other than PKC, such as cyclin-dependent kinases (17) , cannot be ruled out, as it is known that staurosporine inhibits the activity of several kinases. In the present study, it is unlikely that staurosporine exposure could have induced apoptosis, since we used a very low concentration (10 Ϫ9 M) that per se did not affect the viability of cells. It is known that staurosporine has a dual action on the cell growth cycle, with high concentrations stimulating apoptosis and low concentrations (2-6 ϫ 10 Ϫ8 M) blocking the transition from G 0 to S phase (27) .
The involvement of PKC in the proliferative effect exerted by the family of CT peptides on hOB is in line with the general view that PKC plays a pivotal role in cell proliferation (17) . Activation of PKC was also shown to be involved in the mitogenic effect of lysophosphatidic acid in rat osteoblasts through activation of a G i protein and influx of extracellular calcium (18) . Several PKC families of isoenzymes exist that are divided according to cofactor requirements for activity and responsiveness or nonresponsiveness to phorbol esters. Osteoblasts express both phorbol ester-sensitive and -insensitive isoenzymes (30) . Because PDB is able to stimulate hOB proliferation and this effect is inhibited by staurosporine, it is likely that the phorbol ester-sensitive PKCs play an important role in hOB proliferation.
Activation of PKCs, with the exception of atypical PKCs, requires an increase in intracellular calcium concentrations and diacylglycerol and/or unsaturated fatty acids (6) . CGRP was shown to increase calcium concentration in the human bone cell line OHS-4, which exhibits most of the osteoblast phenotype. The peptide causes an influx of calcium via voltage-gated calcium channels as well as a release of calcium from the endoplasmic reticulum (10) . This effect of CGRP on intracellular calcium is not mediated via a G protein linked to the cAMP pathway (10) . In human osteosarcoma cells, CT acutely increases net 45 Ca uptake (12) . On osteoclasts, CT-induced quiescence and cell retraction involve increased cytosolic free calcium concentrations (2, 40) . The mitogenic action of CT on LNCaP, a cell line derived from prostate cancer, is thought to be mediated by CT-induced elevation of calcium levels (31) .
Although the CTR is known to be coupled to stimulation of adenylyl cyclase activity in hOB, we did not detect any cAMP production induced by CT, thus excluding the possibility that the hOB-proliferating effect of CT is coupled to activation of the adenylyl cyclasecAMP-PKA pathway. This possibility is also ruled out for amylin despite the previous study of Datta et al. (9) , which demonstrated increased cAMP production after binding of amylin to osteoblast-like cells derived from osteosarcoma. This discrepancy might be because of the different type of cells that could activate different signaling cascades. In addition, the involvement of the adenylyl cyclase-cAMP-PKA pathway by CGRP could be excluded despite the significant enhancement of cAMP levels induced by the peptide in hOB. Although the CGRP-(8-37) peptide completely inhibits the CGRP-induced cAMP elevation, it is not able to block the proliferating effect of CGRP (37) . In the same work, it was shown that CGRP and amylin act to stimulate hOB proliferation through different receptors, since amylin-(8-37) is able to antagonize the amylin proliferating effect but not that of CGRP. In the present study, the fact that CT induces hOB proliferation at low doses and that CTR is expressed in these cells suggests that CT acts through its own receptors. The activity of CT on osteoblasts is still controversial, although in 1988 Farley et al. (14) had shown that CT acts directly in vitro to increase bone formation and bone cell proliferation. Furthermore, CT is able to induce a dose-dependent increase in the secretion of insulin-like growth factor (IGF)-I and IGF-II in hOB (11) .
The molecular pharmacology of CT, CGRP, and amylin is complex and far from being understood, since there are different CTR isoforms to which the CT gene family of peptides bind with different affinities. In addition, the affinity of the receptors for each peptide is determined by coexpression of one of the three RAMPs, either with the CRLR or with the CTR (23) . Because hOB are able to express both CRLR and CTR, further studies are needed to evaluate RAMPs expression in these cells. Expression of RAMP1 with CRLR binds CGRP with high affinity (20, 21) . The CTR binds CT with high affinity, and the coexpression with RAMP1 or RAMP3 binds amylin with high affinity (29) . In addition, when more than one RAMP is expressed in the same cell, a dominant or a competitive relationship exists between the different proteins (25) . This extraordinarily elegant system allows for a diversification of receptor function, thus modulating the action of the CT gene products according to the local milieu (15) . The cellular and molecular biology of the CT family of peptides and of their receptors has been extensively reviewed recently (28, 41) .
In conclusion, this study has confirmed the anabolic potential of all three CT gene peptides on bone cells and has indicated that the activation of the PKC cascade is required for the CT peptides to induce hOB proliferation. The elucidation of the signaling pathway associated with osteoblast growth represents a step toward the assessment of the therapeutic potential of CT, amylin, and CGRP as attractive candidates for the treatment of osteoporosis.
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